Curtiss-Wright Corporation in the design and development of a 1500 HP (1119 Kw) stratified charge engine under a contract with the United States Marine Corps. This four rotor multifuel engine was successfully tested and has achieved the required design goals (6) . This engine design was used as a baseline for further NASA rotary engine conceptual design studies (7, 8 Figure 1 is a photograph of the rotary engine and turbocharger system tested. A description of this engine is given in Table 1 .
A BAE commercial turbocharger kit (System No. 13-0000) was installed as specified in the manufacturer's instructions. Modifications were made to the inlet and exhaust systems to adapt them to the engine test facility. Boost pressure was maintained at a constant level over the range of engine speed by supplying pressurized air to the diaphragm of the waste gate. The wastegate is shown to the left of the turbine and gust below the exhaust pipe in Figure 1 . A four speed manual transmission was utilized to couple the engine to a 250 HP (186.4 Kw) dynamometer. This dynamometer is limited to a maximum speed of 6000 RPM. This limitation prevented testing of the engine at its naturally aspirated rated speed of 7000 RPM without shifting the transmission to a lower gear. Tests were conducted in fourth gear (direct-drive) to eliminate changes in frictional characteristics of the transmission.
Transmissions of this type have been shown to have efficiencies of 98 percent in direct-drive at high power levels (9); however, for the purposes of this paper a 100 percent transmission efficiency is assumed. Th i s results in consistent but slightly pessimistic data.
Complete conventional pressure, temperature and flow instrumentation was installed on the engine in addition to the special NASA-developed combustion instrumentation which will be discussed later in this report. Automatic control systems were utilized for engine speed, dynamometer load, and coolant discharge temperature. Load was measured with a reaction load cell. An absolute position optical shaft angle encoder was installed on the front of the engine and was belt-driven at a 3:2 ratio by the eccentric shaft to provide rotor angle information. The 3:2 ratio was used to convert the 10800 crank degree cycle of the RCE to 720° so as to be analogous to the four stroke piston engine cycle. Pressure-volume diagrams are also generated by the diagnostic instrumentation. Figure 4a shows a typical diagram of the complete four stroke cycle and Figure 4b shows a blowup of the pumping loop of the diagram for a condition when the engine was in turbocharged operation at 4 psi (21.6 kpa) boost. The diagnostic equipment would also be useful for tuning the inlet and/or exhaust systems; however, no attempt was made to do this during this series of test s.
A new feature of this system was the ability to make measurements in any of the three combustion faces of the rotor by electronically switching to the face of interest without stopping the engine. This feature allowed measurements of NOT for the three rotor faces while the engine was at the same thermal equilibrium point. Figure 5 shows there is little face to face variation in IMEPT over the region tested. Each of the nine points on this graph represents the average of one hundred consecutive measurements of IMEPT. Maximum variability defined as (max-min)/average was 2.8 percent at 5000 RPM.
TEST PROCEDURE -The engine was operated at steady state conditions (speed, load and water temperature), at which time data were recorded and oscilloscope traces from the combustion instrumentation were photographed.
Steady state was said to exist when there was agreement of + 5 percent between the air/fuel (A/F) ratio from the direct measurement of air flow and fuel flow and the A/F ratio calculated from the method of Spindt (12) .
After the engine was brought to the test speed, load and boost were applied until the desired boost was attained at a given load. Spark was advanced to the point of audible knock and then retarded slightly. (The trailing spark plug was fired 10 eccentric shaft degrees later than the 5 leading plug.) Initial tests were conducted using water injection to control knock. This method was found to be very effective; however, the emission analyzer was adversely affected by the additional water from injection and the practice was discontinued. None of the test conditions for the data presented in this report include water injection.
EFFECT OF BOOST -The data in Figure 6 show the range of speeds and powers COOLANT TEMPERATURE EFFECT ON BSFC -Researchers at General Motors (13) have shown that an increase in coolant temperature from 190 * F to 280 * F (880 C to 138 0 C) resulted in reductions in hydrocarbon emissions by a factor of 3 in a rotary engine. Another recent publication (14) showed a significant improvement in BSFC as coolant temperature was increased from 140 0 F to 212 0 F (60 * C to 100 * C). A reduction in HC emissions was also observed in this study. In both these instances, the tests were conducted over a rangL of speeds and loads necessary for road load operation of an automobile. It was our intention to determine whether or not the fuel economy at the higher speeds and power ranges of interest for aircraft application would also be 6 r affected by changes in housing coolant temperature. A thermocouple installed near the epitroichoidal surface of the rotor housing ( Figure 8 ) was used to measure the surface temperature during testing.
Coolant discharge temperatures are shown in Figure 9 and corresponding housing thermocouple readings are shown in Figure 10 . Conditions studied were at a constant power of 105 BHP (78.3 Kw) and speeds ranging from 3500 to 5900
RPM. Figure 11 shows that no discernible differences in fuel economy were found as the coolant discharge temperature changes from 180 0 F to 210° F (82" C to 99 0 C).
It is interesting to note in Figure 12 that at a given speed with Table 2 ). In a gross sense, these graphs give an indication of where research effort should be expended. The rotary engine tested is compared to the diesel since one would like to approach the high efficiency of the diesel engine in the lightweight rotary for aircraft applications. However, it should be kept in mind that this heat balance comparison was made with a stratified charge combustion diesel engine and a homogeneously charged rotary combustion engine which will account for some of the differences in energy recovery. Some of the discussion which follows is admittedly speculative in nature but it does represent an attempt to describe the important aspects of combustion and efficiency of the diesel relative to the rotary engine.
The rotary engine shows an average brake energy recovery rate of 29 percent after the transmission while that for the diesel is 40 percent. The diesel operates at a much higher compression ratio, which with its injection controlled rate of heat release results in a more favorable expansion ratio.
The compact combustion volume of the Aft diesel coupled with the high swirl rates produced by the shrouded valves provide an ideal environment for combustion. The real question at hand is how does one go about improving the efficiency of the RCE while taking advantage of its high power to weight ratio. The controlled and high rates of pressure rise associated with the diesel engine during combustion are clearly a result of the ability to tailor the fuel injection schedule to a prescribed pattern. Thus, for the direct injected diesel engine the heat release schedule is determined by the structural constraints of the engine. In homogeneously charged spark ignition engines, the heat release schedule and A/F ratio for a given operating point are determined by the vagaries of combustion in a lean, turbulent mixture rather than by a fuel injection schedule.
Danieli (15) claims that the biggest loss in the RCE relative to the ideal fuel-air cycle is due to the finite combustion speed. Work by Cichanowitz and Sawyer (16) showed a slight improvement in indicated thermal efficiency when operating a rotary engine with hydrogen addition of up to 20 percent by mass to improve flame speed at low power levels. This effect should be studied at higher power levels 100 HP (75 kw) where "quenching effects" may not be as significant. Late burning means high heat transfer rates through the expansion stroke, as well as an effective expansion ratio that is less than a constant volume heat addition expansion ratio. It is thus important to determine how the fuel can be burned earlier in the expansion stroke.
Heat rejection to the coolant in the rotary tested, expressed as a percentage of input energy, was about 18 percent with an additional 7 percent rejected via the oil cooler for a total of 25 percent. This compares to a 17 percent energy loss in the diesel: 9 percent lost to the engine block, 6
percent to the head and about 2 percent through the oil cooler.
A comparison of average piston speed with average rotor tip speed at a constant angular combustion system velocity of 1500 RPM is now made. At a 4500 RPM eccentric shaft speed which is 1500 RPM rotor angular velocity, the average velocity of the rotor tip is about 3700 ft/min (18.8 m/sec) for the engine tested. The average piston speed at 1500 RPM for the AVL diesel engine is 1200 ft/min (6.1 m/sec). The assumption is now made that the average rotor tip and piston velocities are indicative of local gas velocities in the combustion system of interest. Convective heat transfer coefficients are known to vary directly with Reynolds number; thus, the higher ene rgy lost in heat transfer is likely to be accounted for at least in part by the higher gas velocities associated with the geometry of an engine like the rotary.
Frequently, a high surface to volume ratio is blamed for the large heat losses and low efficiencies in the RCE.
The average amount of energy lost by heat rejection to the oil is 7.3 percent. Thermally insulating the rotor surface is one method of reaucing heat transfer to the oil. A second method to reduce the heat loss of the rotary combustion engine is to devise a way to operate the combustion surface J the rotor housing at higher temperatures. This could be accomplished by elevation of the coolant temperature and/or by thermally insulating the combustion section of the rotor housing. The resulting higher rotor surface temperatures should facilitate oxidation of hydrocarbons which may become absorbed on the oil film covering the rotor surface. In any event, the higher • operating temperature of the combustion surface of the housing will require either a higher temperature apex seal lubricant or a different material for the apex seals or possibly both of these. In all probability, a high fraction 6. Combustion diagnostic instrumentation showed that rotor face-to-face variability in IMEPT was less than 3 percent for the condition tested. 
